The MAJORANA Collaboration has completed construction and is now operating an array of high purity Ge detectors searching for neutrinoless double-beta decay (0νββ) in 76 Ge. The array, known as the MAJORANA DEMONSTRATOR, is comprised of 44 kg of Ge detectors (30 kg enriched to 88% in 76 Ge) installed in an ultra-low background compact shield at the Sanford Underground Research Facility in Lead, South Dakota. The primary goal of the DEMONSTRATOR is to establish a low-background design that can be scaled to a next-generation tonne-scale experiment. This work reports initial background levels in the 0νββ region of interest. Also presented are recent physics results leveraging P-type point-contact detectors with sub-keV energy thresholds to search for physics beyond the Standard Model; first results from searches for bosonic dark matter, solar axions, Pauli exclusion principle violation, and electron decay have been published. Finally, this work discusses the proposed tonne-scale 76 Ge 0νββ LEGEND experiment.
Introduction
Experimental searches for neutrinoless double-beta decay (0νββ) are motivated by several questions regarding the nature of neutrinos and their role in the evolution of the universe. The observation of 0νββ would indicate that lepton number is not conserved-a key ingredient of thermal leptogenesis-and that the light neutrinos are Majorana particles 1 . Assuming that 0νββ proceeds through the exchange of a light Majorana neutrino, the transition rate of the decay depends on the effective Majorana neutrino mass m ββ as
with the amplitude for transition between nuclei of (A, Z) and (A, Z + 2) accounted for in the matrix element M 0ν , and the available phase space for the outgoing electron pair-along with coupling constants-expressed as G 0ν . A review of the above, including approaches to the calculation of nuclear matrix elements, is given in Ref. 76 Ge abundance. Background levels are reduced through the use of radiopure materials and insertion of the arrays in a graded passive shield of Cu, Pb, and polyethylene. Additionally, radon gas is purged from the inner shield volume and a surrounding layer of plastic scintillator is used to veto muon events whose flux is reduced through operation of the experiment at the 4850 ft (4300 m.w.e.) level of the Sanford Underground Research Facility 4 . Background events originating from within the layered shield-primarily multiply scattered gammas, and alphas at the detector surface-are rejected through efficient pulse shape cuts. These pulse shape discriminators are enhanced by the novel point-contact detector geometry 5 which localizes the electric potential near the small point-contact electrode; resulting pulse shapes vary strongly depending on the location of ionizing interactions within the detector.
Two algorithms have been developed to tag and remove the aforementioned gamma and alpha events based on pulse shape. First, a comparison of maximum current A to the energy E of a pulse yields an AvsE parameter that distinguishes multisite (gamma) events from the single-site events expected for double-beta decay 6 . Second, measurements of the decaying edge of a pulse have been developed to flag surface alpha events. Alphas incident on the passivated surface of a detector can ionize charges that slowly drift along that surface and are delayed in their arrival at the electrode. This delayed charge recovery (DCR) counteracts the expected RC decay of a pulse, an effect that is captured by a DCR parameter whose value is used to identify and remove the alpha events 7, 8 . The AvsE and DCR discriminators are tuned to accept 90% and 99% of single-site events, respectively, from single-site regions of calibration spectra. High-statistics spectra are produced weekly through insertion of 228 Th calibration sources into the shield 9 . With the above features in mind, the MAJORANA Collaboration leverages careful materials selection, a modular design, and the strengths of point-contact HPGe detector technologies to demonstrate the feasibility of a tonne-scale experiment with background levels necessary to explore the inverted ordering region of the 0νββ parameter space, corresponding to m ββ sensitivities near 20 meV. The Collaboration also takes advantage of low energy thresholds, provided by point-contact detectors, to search for new physics. Initial low-energy analyses have been published 10 , with limits set on bosonic dark matter and solar axion couplings, electron decays, and electronic transitions in violation of the Pauli exclusion principle. Further details of the MAJORANA DEMONSTRATOR experimental design and goals are given in Ref. 11.
Commissioning and Data Taking
The MAJORANA DEMONSTRATOR began taking commissioning data in June 2015, operating the first cryostat within a partial shield. In December 2015, an inner layer of underground electroformed copper (UGEFCu) was installed around the cryostat cavity, along with other shielding improvements. An additional change replaced the cryostat gaskets-initially Kalrez-to lower-activity and lower-mass PTFE.
Construction of the second cryostat was completed in July 2016 and this additional array of detectors was inserted, alongside the first cryostat, in the cavity at the shield's center. The two cryostats were operated in parallel in August 2016 yielding two data sets whose combination was analyzed for results discussed in Sec. 4 . In October 2016, following this parallel run, the independent DAQ systems for each cryostat were merged and data taking resumed. Installation of an outer polyethylene shield was completed in March 2017 and a most recent data set began in May 2017, with both cryostats operating and a full shield in place.
Results
Several physics results have been reported based on subsets of the DEMONSTRATOR's growing data set. Commissioning data were employed for lowenergy analyses, setting limits on the axioelectric coupling of pseudoscalar axionlike dark matter, shown in Figure 1 , and other beyond-the-Standard-Model processes 10 . With additional data, a 0νββ half-life sensitivity was calculated based on the first 3.03 kg yr exposure of the first cryostat 12 . Soon after this initial exposure, as described in Sec. 3, both cryostats were operated in parallel. An analysis of this 1.39 kg yr combined exposure, described in Ref 13 , estimated the achieved background index to be 1.8 +3.15 −1.14 × 10 −3 c (keV kg yr) −1 . Since PANIC 2017, analyses of combined data sets have focused on 0νββ 10 as discussed in Sec. 5. The Collaboration has also published several technical papers outlining the design of the calibration system 9 , results of materials assay 14 , and results of Ge processing 15 . A 70% detector mass yield was attained from the purchased mass of enriched Ge, and cosmogenic activation of 68 Ge and 60 Co in enriched crystals was reduced by a factor of 30 when compared to natural detectors. This reduction in radioactivity within the crystal bulk was achieved through centrifugation, zone refining, and careful shielding during shipment and storage.
The materials assay program employed a number of techniques to constrain the activity of parts used for construction of the experiment. Inductively coupled plasma mass spectrometry (ICPMS) was used to determine activities in DEMONSTRATOR parts to sub-ppt levels; for instance, U and Th activity in the UGEFCu was limited to < 0.3 µBq kg −1 . When scaled by the mass of UGEFCu present in the experiment, and by efficiencies determined through detailed Monte Carlo radiation transport simulations, these assay results translate to a 0.23 c (ROI t yr) −1 background contribution 14 . ROI, here, represents a 4 keV region of interest surrounding the 2039 keV Q-value of 0νββ. Combining simulation-scaled assay results for all other materials and expected background sources, the total expected background rate in the 4 keV ROI is < 3.5 c (ROI t yr) −1 .
Measuring the 0νββ Half-life
Since June 2015, the DEMONSTRATOR has accrued greater than 20 kg yr of exposure. From this exposure, approximately 10 kg yr were selected for a 0νββ analysis with a lowest background index of 1.6
+1.2 −1.0 × 10 −3 c (keV kg yr) −1 , as detailed in Ref. 16 . A profile likelihood method was used to determine a 0νββ half-life and background rate that best fit the data. The likelihood function models the 0νββ signal as a modified gaussian peak in the presence of a flat background continuum, a shape consistent with the full Monte Carlo simulations.
A lower limit of 1.9 × 10 25 yr was set on the 0νββ half-life T 0ν 1/2 through hypothesis testing 16 . In this procedure, a series of potential half-life values was proposed, and, for each value, an ensemble of toy Monte Carlo data sets was generated. The aforementioned likelihood methods were then used to determine a best-fit half-life for each toy data set. The lower limit was defined as the largest proposed half-life for which more than 90% of toy data sets in its ensemble yielded half-lives below the observed best-fit half-life. This limit setting procedure is described in Refs. 17-18.
Outlook
With the completion of construction and the achievement of near-background free data in a 360 keV ROI around the 0νββ Q-value, the MAJORANA DEMONSTRATOR has released its first 0νββ limit 16 . The experiment will continue data taking, with 0νββ sensitivity projected to increase linearly under the current background conditions. In looking toward next-generation 0νββ experiments, the development of low-background Ge technology will also continue with planned upgrades to cables and connectors in the DEMONSTRATOR cryostats 19 .
